Introduction {#S0001}
============

Stroke has been the leading cause of disability and mortality worldwide and posing heavy medical and economic burdens in many countries including China.[@CIT0001],[@CIT0002] Studies showed that there were regional differences in stroke incidence in China and the highest morbidity was recorded in northern China, including Tianjin.[@CIT0003] So more work should be done for better prevention and management of stroke in Tianjin. It is well established that some traditional cerebrovascular risk factors, such as hypertension, high cholesterol level, tobacco use, alcohol use and obesity, increased stroke risk.[@CIT0004],[@CIT0005] Changes in external stimuli may help explain why stroke is more likely to occur in particular regions at particular times.[@CIT0001] And there is an increasing concern regarding environmental factors such as temperature, barometric pressure, and humidity on stroke occurrence.

The associations between meteorological variables and stroke onset have been examined widely. Both immediate and delayed effects of weather conditions on stroke occurrence were revealed.[@CIT0006]--[@CIT0009] However, existing studies often reported discordant effects of these meteorological parameters on ischemic stroke occurrence. For example, conclusions on the temperature and barometric pressure were inconsistent. Some studies showed high values resulted in a higher risk of ischemic stroke,[@CIT0010],[@CIT0011] some concluded no associations between these weather conditions and ischemic stroke morbidity,[@CIT0008],[@CIT0012],[@CIT0013] whereas some others revealed that low values resulted in higher risk of ischemic stroke.[@CIT0006],[@CIT0009],[@CIT0014] So the relationship between meteorological parameters and stroke is still confusing and controversial. Most of the previous studies explored the association between meteorological variables and ischemic stroke admission instead of the stroke onset time, which would lead to misclassification of time and influence the estimates of adverse effects for meteorological variables. More efforts should be made to enhance a better understanding of the relationship between weather conditions and stroke onset, which may provide new insights into the health effects of meteorological variables and help make public health strategies to avoid hazards induced by adverse environmental conditions. In the clinical work, we found that hospital admissions of ischemic stroke were larger during cold seasons in Tianjin. So the main goal of our study was to explore the association between meteorological variables and acute ischemic stroke onset in cold seasons of Tianjin.

Patients and Methods {#S0002}
====================

Clinical Data {#S0002-S2001}
-------------

The study population was the patients admitted to the stroke unit of the Second Hospital of Tianjin Medical University (Tianjin, China) with an admission diagnosis of ischemic stroke (ICD code I63) during cold seasons between October 1, 2014 and April 30, 2019 (n=1056). Patients who presented acute neurological deficits due to a vascular cause were admitted in the hospital and brain imaging of either MRI or CT was performed after admission (in most cases within 24 h) on all patients with the clinical diagnosis of stroke. The stroke onset time was reported by the patients and/or caregivers. 110 patients were excluded because of incomplete clinical data. 946 patients with acute cerebral infarction were included in the analysis. Clinical data (smoking, alcohol drinking, presence of risk factor history including stroke history, hypertension, diabetes mellitus, hyperlipidemia, hyperhomocysteinemia, atrial fibrillation, coronary artery disease, lung diseases, and infectious diseases), high-sensitivity c-reactive protein (hsCRP) level and National Institutes of Health Stroke Scale (NIHSS) score at admission from each patient were reviewed and verified by a neurologist before being recorded on a computer database. No protected health information was collected as data.

Meteorological Observations {#S0002-S2002}
---------------------------

Tianjin is located in northern China and has clearly four seasons, with a cold, windy, dry winter and a hot, humid summer. Meteorological data were obtained from the database of Tianjin Meteorological Bureau using a weather station providing data representative of the urban area in Tianjin. Observations were from the Tianjin Urban Climate Monitoring Station with an altitude of 2.2m, located in 11712E, 3904N. Meteorological data were collected over 1184 days, from September 28, 2014, to April 30, 2019, which was selected based on the colder temperature and variations of barometric meteorological variables in the area of Tianjin. Meteorological variables included daily measurements of temperature (T) (mean, maximum, minimum, diurnal variation), barometric pressure (mean, maximum, minimum, diurnal variation), and relative humidity (RH). The concentration of air pollutants also has an impact on the onset of cerebrovascular disease and was adjusted as a confounding factor for meteorological variables in previous studies.[@CIT0015],[@CIT0016] Here we used air quantity index (AQI) as a measure of air quality, which was calculated by the concentration of PM~2.5~, PM~10~, SO~2~, NO~2~, O~3~, and CO.

Statistical Analysis {#S0002-S2003}
--------------------

Continuous variables were described with mean ± standard deviation (SD) or median and interquartile range (IQR). Categorical variables were presented as numbers and percentages. In the study period of 1181 days, the maximum number of ischemic strokes on a single day was 7. Daily numbers of ischemic stroke onset were modeled using generalized linear Poisson regression models to study the association between stroke onset and meteorological variables including air temperature (mean, maximum, minimum, diurnal variation), barometric pressure (mean, maximum, minimum, diurnal variation), and relative humidity.[@CIT0006],[@CIT0009],[@CIT0014] Each meteorological variable was modeled separately after adjusting for day of week, public holiday (binary variable) and AQI, removing the confounding effect of those factors on stroke onset. Modeling was also repeated in the subgroup analysis (\<75 years vs. ≥75years; male vs. female). Values with a two-tailed significance level less than 0.05 were considered as statistically significant and the corresponding 95% confidence interval (CI) was used to describe the effect estimates. All analysis was performed by SPSS 25.0 statistic software (SPSS Inc., Chicago, IL, USA).

Results {#S0003}
=======

Baseline Characteristics of Study Subjects {#S0003-S2001}
------------------------------------------

The baseline characteristics are described in [Table 1](#T0001){ref-type="table"}. A total of 946 patients were enrolled in the study, composed of 558 (59.0%) male patients and 388 (41.0%) female patients. The mean age was 70.4±11.6 years old, and there were 553 (58.5%) patients \<75 years old and 393 (41.5%) patients ≥75 years old. There were 343 (36.3%) patients with smoking and 208 (22.0%) with alcohol drinking. Among those patients there were 882 (93.2%) with the following medical history (stroke history \[336, 35.5%\], hypertension \[659, 69.7%\], diabetes mellitus \[305, 32.2%\], hyperlipidemia \[220, 23.3%\], hyperhomocysteinemia \[364, 38.5%\], atrial fibrillation \[115, 12.2%\], coronary artery disease \[300, 31.7%\], lung diseases, \[109, 11.5%\], infectious diseases \[120, 12.7%\]). HsCRP level at admission was 3.2 (IQR, 1.4--8.1) mg/L. NIHSS score was 3 (IQR, 2--6).Table 1Baseline Characteristics of Study SubjectsCharacteristicsn (%)Age \<75553 (58.5%) ≥75393 (41.5%)Gender Male558 (59.0%) Female388 (41.0%)Smoking343 (36.3%)Alcohol drinking208 (22.0%)Presence of medical history Stroke history336 (35.5%) Hypertension659 (69.7%) Diabetes mellitus305 (32.2%) Hyperlipidemia220 (23.3%) Hyperhomocysteinemia364 (38.5%) Atrial fibrillation115 (12.2%) Coronary artery disease300 (31.7%) Lung diseases109 (11.5%) Infectious diseases120 (12.7%)hsCRP (mg/L), median (IQR)3.2 (1.4--8.1)NIHSS, median (IQR)3 (2--6)[^2]

Description of Meteorological Variables {#S0003-S2002}
---------------------------------------

Days from October to April were the cold period with increased meteorological factors variation in Tianjin, China. The meteorological measurements are shown in [Table 2](#T0002){ref-type="table"}. The daily mean, minimum, maximum temperature, and diurnal variation in Tianjin was 7.2±7.4 (°C), 3.1±6.8 (°C), 11.6±8.3 (°C) and 8.6±3.6 (°C) respectively. The daily mean minimum, maximum barometric pressure and diurnal variation was 1023.0±7.5 (hPa), 1020.1±7.8 (hPa), 1026.1±7.4 (hPa) and 6.1±2.9 (hPa) respectively. The daily mean relative humidity was 44.1±18.4 (%). There was a statistically significant association between daily mean barometric pressure and mean air temperature. Increased temperature was related to decreased air pressure (R = −0.765; P \< 0.01) and increased relative humidity (R = 0.120; P \< 0.01). And increased air pressure was related to decreased relative humidity (R = −0.176; P \< 0.01).Table 2Descriptive Statistics of Meteorological VariablesVariablesMean±SDRangeTemperature mean (°C)7.2±7.4(−12.9, 26.9)Minimum temperature (°C)3.1±6.8(−14.5, 19.7)Maximum temperature (°C)11.6±8.3(−11.6, 34.0)Diurnal variation of temperature (°C)8.6±3.6(0.8, 20.5)Barometric pressure mean (hPa)1023.0±7.5(999.4, 1043.3)Minimum barometric pressure (hPa)1020.1±7.8(993.8, 1041.8)Maximum barometric pressure (hPa)1026.1±7.4(1003.7, 1045.5)Diurnal variation of barometric pressure (hPa)6.1±2.9(1.8, 23.7)Relative humidity (%)44.1±18.4(7.6, 94.8)[^3]

Associations Between Meteorological Variables and Ischemic Stroke Onset {#S0003-S2003}
-----------------------------------------------------------------------

The diurnal variation of temperature was positively associated with ischemic stroke onset. Every 1°C increase in the diurnal variation of temperature was associated with a 0.020 (\[95% CI: 0.001, 0.038\], p\<0.05) increase in ischemic stroke onset. The mean, minimum, and maximum temperature was negatively associated with ischemic stroke onset, but showed no statistical significance. There was a positive association between barometric pressure (mean, minimum, maximum, diurnal variation of barometric) and ischemic stroke onset, in which only the mean, minimum, maximum barometric pressure reached statistically significant. And 1hPa increase in mean barometric pressure was related to 0.010 (\[95% CI: 0.001, 0.019\], p\<0.05) increase in ischemic stroke onset. There was no statistically significant association between relative humidity and ischemic stroke onset ([Table 3](#T0003){ref-type="table"}).Table 3Association Analysis Between the Meteorological Variables and Ischemic Stroke HospitalizationMeteorological VariablesEstimate (95% CI)All Patients (n=946)Male (n=558)Female (n=388)\<75 Years Old (n=553)**≥**75 Years Old (n=393)Temperature mean−0.006 (−0.015, 0.003)−0.003 (−0.017, 0.011)−0.008 (−0.020, 0.004)−0.002 (−0.014, 0.009)−0.011 (−0.025, 0.003)Minimum temperature−0.010 (−0.019, 0.000)−0.009 (−0.024, 0.006)−0.010 (−0.023, 0.003)−0.005 (−0.018, 0.007)−0.009 (−0.021, 0.002)Maximum temperature−0.003 (−0.011, 0.005)0.002 (−0.011, 0.014)−0.006 (−0.016, 0.005)0.000 (−0.010, 0.011)−0.007 (−0.020, 0.005)Diurnal variation of temperature0.020\* (0.001, 0.038)0.005 (−0.019, 0.029)0.041\*\* (0.012, 0.069)0.012 (−0.002, 0.017)0.016\* (0.005, 0.028)Barometric pressure mean0.010\* (0.001, 0.019)0.000 (−0.014, 0.014)0.017\*\* (0.005, 0.029)0.007 (−0.004, 0.019)0.012\* (0.003, 0.020)Minimum barometric pressure0.010\* (0.001, 0.019)0.000 (−0.014, 0.013)0.017\*\* (0.006, 0.029)0.008 (−0.004, 0.019)0.014\* (0.001, 0.027)Maximum barometric pressure0.008 (−0.001, 0.017)0.000 (−0.014, 0.015)0.013\* (0.001, 0.025)0.005 (−0.008, 0.017)0.012 (−0.002, 0.027)Diurnal variation of barometric pressure0.012 (0.000, 0.023)0.000 (−0.019, 0.018)0.020\* (0.004, 0.035)0.012 (−0.003, 0.028)0.017\* (0.004, 0.027)Relative humidity−0.002 (−0.006, 0.002)−0.003 (−0.009, 0.002)0.000 (−0.007, 0.006)−0.003 (−0.008, 0.002)−0.001 (−0.008, 0.005)[^4]

[Table 3](#T0003){ref-type="table"} also showed that the associations between meteorological variables and ischemic stroke onset varied by gender and age. Diurnal variation of temperature and barometric pressure and mean, minimum, maximum barometric pressure showed greater statistical association with ischemic stroke onset in female patients, however, showed no statistical association in male patients. For a 1°C increase in diurnal variation of temperature, we observed a significant increase of daily ischemic stroke onset 0.041 (\[95% CI: 0.012, 0.069\]; p\<0.01) in female patients compared with 0.005 (\[95% CI: −0.019, 0.029\]; p\>0.05) in male patients. Mean, minimum, maximum barometric pressure, and diurnal variation of barometric pressure also showed greater statistical association with ischemic stroke onset in female patients. Diurnal variation of temperature and mean, minimum barometric pressure and diurnal variation of barometric pressure also showed better statistical association with ischemic stroke onset in patients≥75 years old (diurnal variation of temperature: 0.016 \[95% CI: 0.005, 0.028\], p\<0.05; mean barometric pressure: 0.012 \[95% CI: 0.003, 0.020\], p\<0.05; minimum barometric pressure: 0.014 \[95% CI: 0.001, 0.027\], p\<0.05; diurnal variation of barometric pressure: 0.017 \[95% CI: 0.004, 0.027\], p\<0.05), but there were no significant associations in the patients\<75 years old.

The estimation of potential delayed effects of mean temperature on ischemic stroke onset is summarized in [Table 4](#T0004){ref-type="table"}. Mean temperature of the day before stroke onset time was negatively associated with stroke onset and the association of mean temperature two days before stroke onset showed statistical significance among all patients and remained significant among the female and the elderly in the subgroup analysis.Table 4Delayed Effect of Mean Temperature on Ischemic Stroke HospitalizationTemperatureEstimate (95% CI)All Patients (n=946)Male (n=558)Female (n=388)\<75 Years Old (n=553)≥75 Years Old (n=393)Day 0−0.006 (−0.015, 0.003)−0.008 (−0.020, 0.004)−0.010 (−0.028, 0.002)−0.002 (−0.014, 0.009)−0.011 (−0.025, 0.003)Day 1−0.008 (−0.017, 0.001)−0.007 (−0.024, 0.004)−0.012 (−0.029, 0.003)−0.004 (−0.015, 0.008)−0.013 (−0.027, 0.001)Day 2−0.009\* (−0.018, −0.001)−0.011 (−0.023, 0.001)−0.013\* (−0.025, −0.002)−0.006 (−0.018, 0.006)−0.014\* (−0.028, −0.001)Day 3−0.007 (−0.016, 0.002)−0.009 (−0.020, 0.003)−0.010 (−0.023, 0.004)−0.002 (−0.014, 0.009)−0.012 (−0.027, 0.002)[^5]

Discussion {#S0004}
==========

In this study, we found that short-term exposure to higher diurnal variation of temperature and barometric pressure and higher biometric pressure in cold seasons was associated with increased cerebral infarction onset in Tianjin after adjusting for day of week, public holiday and air pollutants. In subgroup analysis, the associations were more evident in the elderly and the female, but did not reach statistically significant in male patients and those less than 75 years old.

In previous studies, meteorological factors, such as temperature, barometric pressure were linked to altered incidence of cerebrovascular disease, but findings have been inconsistent. The differences lie in whether it is positively related, negatively related, or unrelated and exist in the effect of a unit change of meteorological values.[@CIT0008],[@CIT0012],[@CIT0017]--[@CIT0019] And most of these studies investigated the effects of meteorological variables based on stroke hospitalization instead of stroke onset time. In our present study, we analyzed data in cold seasons and found that the increased diurnal variation of temperature and barometric pressure and higher biometric pressure were related to increased ischemic stroke onset in urban Tianjin, and the trend was in line with the findings of some previous studies.[@CIT0010],[@CIT0013],[@CIT0014],[@CIT0020]--[@CIT0022] People may have difficulties with thermoregulation when the changes in temperature are sudden and dramatic.[@CIT0023] Temperature changes could influence blood pressure, cholesterol level, inflammatory response, and immune function, which may trigger cerebrovascular disease.[@CIT0017] Barometric pressure may directly influence vessel walls by triggering endogenous inflammatory and changing endothelial function,[@CIT0009],[@CIT0024],[@CIT0025] and may also contribute to plaque rupture by exerting stress on atherosclerotic plaques.[@CIT0026] On the contrary, some previous studies found that decreased air pressure was associated with ischemic stroke hospitalization.[@CIT0006],[@CIT0009],[@CIT0011] So the underlying mechanism remains obscure, and needs further researches. Moreover, in our study we mainly explored the effect of weather conditions on stroke onset in cold seasons, which was different from these studies that analyzed data all year round and based on stroke admission time.

It is reported that there is a delayed effect of ambient temperature on stroke incidence,[@CIT0009],[@CIT0011],[@CIT0020] and a potential delayed (2 days) effect of daily mean temperature on ischemic stroke onset was also observed in the study. Studies also found that relative humidity can predict stroke admission.[@CIT0009],[@CIT0017],[@CIT0021] However, our results showed no statistical association between relative humidity and ischemic stroke onset. The pathogenic complexity of ischemic stroke should be considered when interpreting the results, since it may underrepresent the effects of these meteorological factors. The inconsistency may also result from different characteristics of various studies, such as different population susceptibility, climates and geographical region, study design, study period, statistical methods, and different confounding factors.

The subgroup analysis demonstrated that the elderly have a higher risk of ischemic stroke during days with higher temperature and barometric air pressure variation and days with higher barometric air pressure compared with the younger group, which could be explained by the declining thermoregulatory function and the higher prevalence of chronic health conditions in aging adults.[@CIT0027] The results concerning gender differences showed that the female group was more vulnerable to meteorological factors probably due to the gender differences in hormones and thermoregulatory function.[@CIT0028] Men were more susceptible to high temperatures, but in cold seasons women had a higher risk of cerebrovascular events than men.[@CIT0022],[@CIT0029] High levels of estrogen in women can increase expression of alpha2C-adrenoceptors in smooth muscle cells which may contribute to the blood pressure changes related to meteorological factors.[@CIT0030]

This study has several strengths. We analyzed the clinical data over a multi-year span and provided comprehensive estimates after adjusting for several confounding factors. Besides, the estimates were based on stroke onset time instead of the admission time, which avoided some misclassification of time. However, there are still some limitations in the study. Firstly, the small sample size with 946 patients could weaken the power to evaluate the influences of meteorological variables on ischemic stroke onset. A larger multicenter study including more patients would better explain the association between weather factors and ischemic stroke onset. Secondly, the measure of temperature in the study was outdoor temperature, which may be not corresponding to the temperature that the individual was exposed to. Thirdly, although we adjusted air pollution, day of week, and public holiday in the analysis, some other potential confounding factors may not be addressed.

Conclusion {#S0005}
==========

There are few studies on the relationship between meteorological factors and ischemic stroke onset. Our results suggest that higher variation of temperature and barometric pressure as well as higher barometric pressure can be used to predict the acute ischemic stroke onset in cold seasons thus evaluate the workload change of a hospital. The elderly and female people are more vulnerable to external meteorological factors. The clinical bases of these observations merit further investigation.
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